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ABSTRACT 



AH ELECTRONIC ANALOG FOR 
TORSIONAL VIBRATIONS 

ANTON C. HANSMAHN 



Submitted to the Department of Ravel Architecture and Marina 
Engineering on Kay 25, 1953 in partial fulfillment of the requirement* 
for the degree of Havel Engineer. 



The object ef thle theaia la the design and construction of an analog 
computer primarily for the Investigation of torsional vibrations In marine 
geared propulsion systems. 

The computing sections have been built, ut Hi ting the George A. 
Phllbrlck Researches Co. K.2-V plug-in operational amplifiers as the 
basic computing elements. Provision has been made for the easy addition 
of reset end Initial condition setting circuits so that the computer ea 
built may be converted, vith a minimum of labor, into a general purpose 
d-c analog computer suitable for the solution of a vide range of physical 
problems. 

By means of simple voltage measurements et appropriate points resonant 
frequencies and valuta of torque amplification may be readily obtained. 

The effects of variations In system constants may be observed by merely 
changing coefficient settings on the computer. 

Before the coaputer which has been built may be placed In operation, 
it will be necessary to design end construct a wall regulated, heavy duty 
power supply. 



Thesis Supervisor: 8. Curtis Powell, Dott. log. 

Title: Assistant Professor of Karine Engineering 
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INTRODUCTION 



The solution of a largo number of scientific and engineering problems 
is possible only after detailed numerical computations . It Is true that 
In many cases vhsre only a single calculation has to be performed. It Is 
not practicable to construct an analog to do the Job. However, in some 
fields of engineering, soot mechanical circuit problems occur over and over. 
A prime example Is the case of the torsional oscillations of ship propulsion 
equipment . The importance and complexity of the problem have been demon- 
strated by the large number of papers discussing special methods of attach 
and debating the relative merits of different propulsion systems. (1) 

The burden of computation can be lightened by the use of some type of 
analogue which will Indicate solutions rapidly and with sufficient accuracy. 
In the past some use has been madm of a.c. network analysers to represent 
marine propulsion systems, but there use does involve difficulties, partic- 
ularly with regard to Inductors . (2) A preliminary investigation was made 
of the possibility of building an slectrlcal analog, but this approach was 
abandoned when It became evident that it would be necessary to design and 
build the inductors required, since those with the required characteristics 
were not available from standard commercial sources at reasonable cost. 

The advent of the George A. Phllbrlck K2-W operational amplifiers on the 
market made the use of an electronic analogue attractive. All additional 
components required are available from stock with one percent accuracy at 
reasonable cost. 

In electronic analog computers, the variables are represented by volt- 
ages which vary with time. (3) Tims is generally used as the independent 

- 1 - 



- r. 



- -* . <© *t» , 5 • jt - « • •• *■ 

4 • * it ~A ■••jAwiO T- • 

* • j a* *—i •• . I- -oX* * . I • T •..«:• . 

»*?.♦. •< . . t. i .-.i 's> .3 »©-.•. •• $- r. c: ■-> £ s - v 

. •- -' 1 o n.oyo * r — i' •’ .* •;» • * • . j. »;*» 

1o ifttliiliiiir inoitapr mH la «m« mI »I moon * 1% l 
aaatf i«m m% OH la Maafapt »T .ivwmimKpm 

* «T« «*£:•.' . : 9 -i'i s*‘. • • • i.» 

(x) .•«■»(-» oCxti->r r ~‘\ ..i - -.3» -• > . ,• ..._v ■*- c < 

.* P •• m:-t .x *>.■ anr *. »^c. - a —a o -.-sco to • • ;.» 

. V- ^ ©' '»JOi ; n /J !V A. JI.O-J. . .v'r.tyii - ‘ ’» > 3. CL _» 

xt a'WT^fc> :.?:•< .o.c .c «*«. 1 » - . 4v -v t.i.‘ .u 

- s**M% •riaval — ok mo M . ao*j»y* *ol*A**m iIm 

huj© i”-.-* ai.-O’ * • • .i- - j ’* • - j* ■ 1o • o 

.,>i»M w •.*.?> * v. i' 4<r» 5-1 .of.J «<:•. j; <•■£* I • -.*u ■>< 

:»u*l >%*ur? J -I .1- A! ♦ ''J Of J ( l«;. I «•-. : a, -t * -I ••« »• ' 

.<£»;: <r **.:"•*« 3 •-■»?* -Wm «TH 

* . iqm l*. !.-•• . ' . \ 5t3>-~c lo *xT.' 

.-ivIJ.mi Xi.S . «vi •- > i •■>-# :•,/ : •* *>© »y 

M yMMHi laaevi tno (di# i arin oc*;. ?_«-oXXxv.< ms dvrt^rv*. rtaiw^q 

al'oet «J. Ml 

-J-.© »:« ...... -art j-. * * on-.: .• , »> ^ * v - xl . o. .• . 

-x > » « >»> s»*.- •.. -a;.. •. . «. xjti’ • r !»v /iso** 



-J • 



variable. The* a computers are capable of solving complicated mathematical 
problems by means of such staple electrical circuits ae d-c amplifiers and 
potentiometers . 

Compared with most mechanical and electromechanical analog computers, 
the d-c analog computer e are relatively cheap, easy to operate and maintain, 
and capable of flexible interconnections by means of slaple patch cords. 
Perhaps tbs outstanding advantage of s d-c analog computer is the feet that 
it can usually be constructed from standard store-bought electronic parts 
by well-known radio assembly techniques, without any precision machine shop 
work. 

Practical d-c analog computers may be highly specialised or vary flex- 
ible. The computer vhich has bean built Is flexible, all connections be- 
tween computing elements being mads by patch cords, affording a device capable 
sf eolring any physical problem involving eight orders of differentiation 
employing constant coefficients. Parameters and coefficients given by the 
problem cea be changed very conveniently by means of calibrated dials on the 
front panels of the machine. This la particularly useful In many engineering 
applications Where trial solutions for different coefficient settings are 
used to obtain optimum design parameters. 

The solution of a set of ordinary differential equations on a d-c 
analog computer proceeds as follows: 

1. With the machine connected to solve the given problem, the machine 
variables (voltages) are set to the correct initial conditions pre- 
scribed by the problem. 

. The computing elements are then made operative and force the voltages 
in the ma ch ine to vary in a manner prescribed by the given dlfferen- 
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tial aquation* . Tha voltage variations witn time are recorded and 
constitute solutions of tha given problem. 

3* The machine is stopped at a tins chosen by the operator . The marl mm 
computing time is usually determined by limitations of the coeluting 
elements. The machine is at once reset to its Initial condition and 
is ready for the next run vith changed, coefficients, initial conditions, 
etc. In an alternative method the solution is repeated automatically 
by electronic or relay switching at a rapid rate so that the results 
may be observed on the screen of a cathode ray oscilloscope. 

The operation of the computer which baa been built will not be exactly 
as outlined above, since it has been designed, for the present, with the 
purpose of solving torsional vibration problems in the steady state. This 
being so, it is not necessary to Insert Initial conditions other than in- 
suring that the d-c output of all computing elements is aero at the start 
of a run. However, sufficient room is left to permit the addition at a 
later time of reset and initial condition setting equipment. 

PRINCIPLES OF OPERATIC!? OF ANALOG COMPUTERS 

The problems solved by analog computers usually deal with the behavior 
of a number of variables . The elm is to determine how these variables 
change with time, and, in the case of torsional vibrations, with frequency, 
or with another independent variable under certain conditions. The parti- 
cular conditions imposed by each problem are usually given as a set of 
mathematical relations or equations. 

The variables are represented in the d-c analog computer by corres- 
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pooling voltages , or machine variables X^, Xg* . • • X n . In usual practice 
these machine variables are a imply proportional to the corresponding origi- 
nal variables on a convenient scale. The given relations between the 
original variables an now expressed by an analogous set of relations 
between the machine variables* 

Figure 1 shows schematically how relations are represented in a d-c 
analog computer. The voltage Xg will appear as the Input voltage of a 
block of computing elements which takes it into consideration and produces 
as an output voltage. This output voltage will be the desired function 
of the input voltage Xg if the correct combination of computing elements 
has been used. Rote that, in general, the relation produced by the block 
in Figure 1 is unilateral, that is changes in tbs output voltage X^ will 
not produce changes in the input voltage Xg unless additional connections 
and computing elements are used. 

In many cases an output voltage will appear aa a function of several 
other machine variables. The block of computing elements producing the 
output desired will have more than one input voltage, the effects of the 
different input voltages being mixed to produce the correct functional 
relation. (see Figure 2) 

If two or more simultaneous relations between machine variables are 
given each equation is solved electrically for a different variable. This 
variable appears as the output voltage of a block of computing elements. 
Figure 3 shows bov it is then used as an input voltage for the computing 
elements establishing the other equations. The resulting interconnections 
force the machine variables to satisfy all the given relatione. 

It is easily seen that a majority of problems in applied mathematics 
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require a description of changes of quantities Involved in physical processes. 
A time derivative like dx/dt is a quantitative Measure of a change dXj the 
latter is compared with the corresponding change of a known physical quantity, 
the time t Indicated by a clock. It is practical to write d /dt - P and 
dX/dt - PX. This notation will he used throughout this paper. For exasple, 
if X - cos vt then PX - P cos vt * -v sin vt. The second derivative of X 
aay he expressed as P?X, higher derivatives being defined accordingly. 

In problems such as torsional vibrations a set of differential equations 
is given, and it is desired to find the corresponding tine dependence of the 
variables involved. The set of differential equations is solved when ell 
the variables are computed as functions of tiae. Thus tbs sst of differential 
equations 

PX - Y FT - -X 

is satisfied by the functions 

X - C sin (t ♦ 0) Y - Ceos (t + 0) 

where C and 0 are arbitrary constants . 

Figure k shows how relations of this type any be represented on d-c 
analog computers. All derivatives of machine variables are represented by 
voltages in the ma chi ne and ere themselves machine variables . The figure 
also shows how special computing elements called Integrators form tbs time 
integrals of the voltages proportional to the derivatives PX and FY to ob- 
tain the machine variables X and Y* With this arrangement the machine 
variables X, Y, PX and FY must vary as prescribed by the given mathematical 
relations. Records of X and Y will then constitute a solution of the eet 
of differential equations. Analog computers capable of solving sets of 
ordinary differential equations ere often referred to as differential 
analysers. 
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One cannot overemphasise tbe usefulness of tba block repraaeatation 
of wwt.h— ntlcal relations In practical computer application*. This rep- 
resentation aarvea aa an instructive nodal which Illustrates relationships 
between different variables of a problem. In many applications the 
functional resemblance between the modal and the actual equipment described 
by the mathematical relations Is striking. In the analog computers the 
actual relations between variables become alive and can be obaerved directly 
Tbe next task is that of designing generally useful building blocks or 
computing elements. 

It will be desirable to make a computing machine easy to construct and 
suitable for a wide variety of applications. It is customary to perform 
more complicated mathematical operations on the computer voltages through 
combinations of a limited number of simple operations, performed by basic 
computing elements. A very wide range of problems can be solved conven- 
iently by the application of only the following computing elements: 

1. Devices which will multiply a machine variable by a constant co- 
efficient 

2. Devices which will generate the sum of two or more machine variables 

3. Devices which will generate the product of two machine variables 

k. Devices which will generate functions of machine variables 

3. Devices which will generate either the time Integral or the time derlv 
stive of a machine variable. 

In tbe computer built items 3 and k are not included* though It may be 
desirable In tbe future to Include k as the dampings Involved In marine 
propulsion systems are non-linear. 

Compared with many other confuting devices* d-c analog computers are 
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often strikingly staple. The reason for this Is in the relative ease with 
vhlch the fundamental operations of multiplication by constants, addition, 
differentiation, and Integration can be performed by utilising staple basic 
lavs of current flow* 

Figure 5 shows how a staple voltage divider or potentiometer is used 
to multiply a voltage by a constant positive coefficient a (l-^a^O) 

X Q - aX 

The coefficient setting may be read on the potentiometer dial. The dial 
scale will be linear unless the potentiometer is loaded appreciably by 
another computing element connected to its output terminals . 

D-c amplifiers with feedback make it possible to multiply a d-c voltage 
by a constant greater than 1. The operational amplifiers used generate an 
output voltage whose sign will be the opposite of that of the input voltage. 

The feedback amplifier thus multiplies by a negative constant; it acts as 
a phase Inverter. 

D-c amplifiers with various feedback networks are used extensively in 
d-c analog computers . They ore often referred to as operational amplifiers . 

The transfer functions of such devices ere determined mainly by the feed- 
back networks; the amplifier forward gain is usually mads ss high as possible in 
order to make the transfer function stable. The amplifiers and thsir associ- 
ated power supplies are designed for lov drift. All input and output voltages 
are measured vlth respect to a ground reference. It is clear that the output 
voltages of the operational amplifiers must not exceed certain limits corre- 
sponding to the range of linear amplifier operation. In the case of the K2-W 
operational amplifiers this limit is plus and minus JO volts. 

Figures 5 thru 9 illustrate the various basic computing elements which 
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were used la the torsional vibrations analog together with their transfer 
functions. 

TH£ TORSIOHAL VIBRATION PROBLEM 

In nost ships the prims mover, propeller and power transmission system 
constitute an oscillatory system. Thus the pulsating torques which are 
produced by the propeller and sometime* by the prime mover may under certain 
resonance conditions produce trosional vibrations of large amplitude. It 
is therefore always necessary to investigate any proposed design to insure 
that the maxi miaa torques developed under any operating condition will not 
exceed reasonable values. Resonance say occur at one or more speeds with 
almost any type of propulsion system. 

The evaluation of these oscillatory torques is straightforward and 
simple in principle, but very laborious and time consuming in practice. 

It is the purpose of the computer which has been designed to provide a 
rapid means of determining the curves of torque amplification versus fre- 
quency of the exciting torque simply and directly by means of measurements 
made at appropriate points in the analog. In addition to eliminating the 
necessity of solving the equations of motion, as in the case of a mechanical 
drive wherein the equivalent shaft spring gradients and damping coefficients 
are constant or simple functions of frequency, the computer will permit 
the solution to other types of drive wherein damping coefficients and spring 
gradients are variable and not simple functions of frequency. It will also 
be possible, using the computer to determine the transient response of the 
propulsion system. 
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As is well known, the typical propulsion system of Figura 10 aay be 
reduced to a single spaad equivalent as shown in Figura 11. This is the 
systea for which the analog has been designed. However, provision has bean 
aade so that by the addition of a few more JC2-V operational amplifiers end 
a saall number of components the systea shown in Figura 12 aay be simulated, 
this configuration permitting a more detailed analysis of oscillatory 
behavior. 

The equations of notion for the systea of Figure 11 ere as follows: 

% 

Jj® ♦ Bj® ♦ B fc (®i - Og) ♦ ^l(®l * ®2^ “ ^af " © (X) 

*^2©2 * »2®2 ♦ ®a(®l - ©2> ♦ ®b<©3 * ©2> ♦ M©h * ©2> ♦ *1<©1 * ©2) (2 > 

♦ Kg(®3 - ©g) ♦ - ©g) « 0 

as e s e 

J3O3 ♦ B3O3 ♦ ^b(®3 - ®g) ♦ Kg(©3 • ©2) * © ( 3 ) 

JkK ♦ ®t©h ♦ M®h - ©2) ♦ *3(0^ - 0 2 ) - 0 <fc) 

Vhere: 

“ Applied torque 

p 

J • Mass ooosnt of inertia in pounds -Inches -seconds 

B * Damping constant in pounds-lnchae-seconds/radian 

K » Shaft spring constant in pounds -ioches/radlan 

First and second derivatives ere Indicated by . and .. respectively. 

The problem now is to set up an analogue whose behavior will represent 
the above equations of action. TO illustrate the procedure to be followed 
a simple 2 storage torsional systea will be put into block diagram from and 
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the procedure for determining scale factors will be deaonstrated . Hie 
process to be used for the entire problem will be a simple extension of 
that to follow. 

Figures 13 and It show the mechanical system and its equivalent 
mechanical block diagram. 

Tbs equation of motion for the system is: 

J 0 +B 0 + K 0 ~ M (5) 

That the operational system in Figure It applies may be seen by 
rewriting equation 5 ** follows: 

M - K 0 - B 0 » JO* (6) 

From what has been said previously about the operation of the various 
computing elements, it can be seen that the correspondence shown In 
Figure 15 is obtained. The blocks labeled with a K and a subscript rep- 
resent the scale factors of equivalence between mechanical values and the 
corresponding electrical voltages in the computer, e.g. 0 • kge 0 . 

There are a number of ways in which the problem of scale factors and 
coefficient setting may be handled. (3,^,5) 

The method to be used la this paper Is one recently developed by 
Professor J. B. Keswick of the Massachusetts Institute of Technology and 
described in (k). 

Consider the system of Figure 15 to be a "real-time scale" analog. T 
equals one second. All C’s will be numerically equal to the coefficients of 
the mechanical system that they represent. 

Each voltage will nov represent its analogous variable in such a way 
that one volt equals one unit, e.g. if e^ represents a rotational velocity 
0 in radians per second, then one volt of eq represents one radian per second 
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of rotational velocity. The time variation of vill be identical to 
that of 0. Each voltage scale factor, k, la exactly unity. 

It la clear that if it vere possible in all cases to set up a real- 
ties analog with all settings identical to the par casters they represent, 
the interpretations of results would be s trai ght -forward . However, this 
procedure sects with the following difficulties) 

(1) "Faat-tiae" or"High-epeed n aay be advantageous or desired. 

(2) Parameters of the aechanlcal systea aay have values which aay not 
be conveniently set on the computer. 

To overcoae these difficulties the procedure which follows aay be used. 
Any "real-tlae” analogue aay be easily reduced to a "real-time" computer by 
defining a new unit of time — — . 

Die aaec (for analog-second or not-a-second) 

The ascc la defined so that the tiae constant of lntefration of tbs analogus 
is unity in units of aaec. 

Thus: 

l(assc) - T(sec) and is analogous to one second of real tiae. 

Vhen the analog problem is solved in units of aaec, its block diagram 
will always reduce to that of Figure 15 and the corresponding simplicity of 
real tlaa Interpretation aay be applied directly. 

The choice of the Integrator time constant T in any real problem depends 
on the convenience end limitations of the computer and display or recording 
system. In cases where T is fixed and a variation la desired, either an 
additional coefficient may be used preceding each integrator and be con- 
sidered part of the Integrator, or any coefficient already preceding an 
Integrator may be adjusted to represent both a parameter and a new Integrator 
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tlae constant. The eaoicc of the optiaua T boa a bowing on the setting 
of parameters and it considered In the following discussion. 

The reduction of tbs fast-tins analog to a real -tins analog by use of 
tbs aooe solves one difficulty. Tbs second Involving the setting of pers- 
asters will now bo discussed. Two require ants auet bo art in each setting: 

(1) It oust be reasonable, lying In the linear accurate range of the 
coefficient unit. 

(2) It oust not produce voltage variations which are too large to be 
bandied by tbs computer or too saell to bo accurately asoaurod. 

Both of these factors are aet by the single consideration that all 
settlags be as close to unity as possible. Although this aey eeea a rather 
arbitrary requirement, when the action of aost real systeai in nature la 
formulated aatheaatlcally with an accuracy and significance consistent with 
the accuracy of aeasureeant and determination of parameters, the so-called 
loop gains in the mechanical operational block diagram have values near 
unity. 

A practical approach to obtaining coefficient settings near unity la 
as follows i 

Referring to figure 15, there were defined factors k to convert volts 
into the appropriate variable. These "k*s” all had values of unity In the 
real-tiae and aeec-tlae computers. 

In aost practical eases it will not be possible to set the "k's" at 
unity. The procedure for determining the values of the "k's" and the 
coefficients settings is ae follows: 

Proa figure 15 it le evident that, for example, the maerlcal value 
obtained by traversing a path from a to b by way of the electrical analog 
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must be equal to that obtained by bOing directly from a to b la the 
aecheoical block diagram. The first step in solving for the "k's” Is to 
dsteraine the rang s of parameter* vhich ere expected to be encountered in 
the physical systems to be investigated, for geared Marine propulsion 
system this Means that one Must determine the maximal and Minimum values 
of inertia, spring constants and dealing constants , as well as the expected 
frequency range* The absolute Magnitudes of torques end angular deflection 
will not be important since it is only desired to knew at what frequencies 
tbs systsa will resonate and what values of torque amplification will be 
obtained. 

Going froM a to b by the two paths indicated shove leads to the 



following equation: 

1 x Ci x k « 1 ( 7 ) 

*e J 5 



Similarly traversal froe a to e yields: 

1 x C 1 x 1 x K» « 1 1 

% 3 ?? 



( 8 ) 



It will be noted that the product kjT represents the tins constant of 



the Integrator, and as noted above this need not be the earn for all inte- 
grators in the computer. 

The equations above, plus enough of the others made possible by 
alternate traversals, are written so that all coefflclenta and "k's" appear. 
Actual maxima: values of system parameters are Inserted in the appropriate 
pieces end a time scale, T, is initially aaaumed. It will be noted that 
Figure 15 applies only to e one Mass system, however, the computer will 
consist of four of such blocks with suitable Interconnections. This being 
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the case, a scale solution for one vlll apply to all. 

To continue, an Integrator ties constant is temporarily assuaed, It 
being noted again that this is equal to k^T. Tbs values for tbe "k's" in 
each equation ere assumed and the resulting coefficient setting determined. 
With the type of coefficient setting amplifier used the unity range nay be 
considered to be from 0.2 to 20, tbou$i It is desired that tbe variation be 
u snail ei possible. At this point It say be veil to reeark that tbe 
resistors and Rq of Figure 6 need not be fixed. One or the other may be 
variable or they say he replaced by one variable resistor vhose tap is 
equivalent to the Junction of the two original resistors. As stated above, 
such a device has a limited range of accurate setting. 

If the settings obtained by the above procedure do not fall in the 
proper range, the assumption u to the value of one or more of the "k's" may 
be changed, as may the time constant of tbe Integrator. The values obtained 
are checked for aelf •consistency between the various traversal aquations and 
necessary adjustments made. At first glance the process may seem to be fairly 
long and laborious and to embody much trial and error. However, familiarity 
make# it possible to make good estimates at the start and the determination 
of constants and coefficients becomes rapidly convergent. 
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RESULTS 



The computer sections Lav* Wen designed sod construction nearly 
completed. The computer in It# present state can not be tested or op- 
erated pending provision of a heavy duty regulated power supply and 
Instrumentation • 

It is not anticipated that difficulty will be experienced in placing 
the computer in operation since the design and construction followed 
regoal sed analog cossputer practice* As mentioned above, the critical 
4-c amplifiers ere provided by the veil engineered Philbrlck K2-V units. 
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DISCUSS IQS 0? RESULTS 



At ttatcd in the Introduction, it vat first decided to construct and 
manufacture a passive al«aent analog, but difficulties in the design of 
the inductors necessary, as veil as other difficulties, farced an abandon* 
■ant of this approach. Much tiee and effort vas devoted to this line of 
attack, consequently reducing the tine available for the design and con* 
struction of the electronic analog* 

It la nov real! sad that the design Itself la a major undertaking, 
mechanical construction of the ccegruter imposing an added burden upon 
available time. It la felt that satisfactory progress has been made alnce 
the design itself has been coo&leted and only a email amount of vork, 
compared to vhst baa already been done, is required to complete the coo* 
putlog section. 

In the design of the eoapv ter it vas kept in mind that it would be 
desirable for it to be easily converted to a general purpose analog com- 
puter. The inputs and outputs of all computing elements were therefore 
brought out to panel Jacks rather than being permanently wired in the 
configuration suitable for typical geared*turblne propulsion system. Space 
was also provided so that Initial condition and reset circuits ss discussed 
in ( 3 ), Chapter 7 # can be added with a minimum of difficulty* Provision 
has also been made for the addition of several more K2-W units end their 
associated circuitry. 

It will be noted that the damping factor computing elements operate 
as resistances independent of frequency, it being possible to select the 
appr opri ate values when the computer Indicates the frequencies at which the 
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propulsion system is resonant. Moving tbs characteristics of tbs propeller 
and shafts ussd in the physical system, the proper dealing factors can toe set 
and the coeputer will then give accurate values of torque amplification. 

Based on experience with other computers of the toss general construc- 
tion es the one which is discussed In this paper, an accuracy of no leoe 
than is expected in frequency end nnplltude determination. This accuracy 
can toe made to approach. l£ if coefficient settings are made toy measuring 
with outside instrumentation rather then relying on the calibration of the 
scales os the computer. 
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COUCLUSIOBS AMD RECOMiSBIttTIOSS 



!Qm torsional analog coojruter has been designed and tha computing 
sections nstrly completed. With the addition of a power supply and 
instruaantatlon the computer will ha ready to aaka analyses of torsional 
vibrations in aarine feared turbine propulsion ays teas. 

Zt is recoonendsd that an investigation ha aada of tha feasibility 
of constructing circuits for generating proper values of tha dealing 
factors aa tha coegmter operates* Possible lines of attach aay be found 
in (3), Chapter 6. 
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SUPFUBCSTA CT ZWIftODUCTZOa 



Zd tit Introduction the basic circuits employed in analog computers 
vara illustrated and tbair operation explained. Zt will nov be shown how 
these basic circuits are combined to create a complete analog computer. 

As has been said, the computer consists basically of four blocks of 
coeputlng elements as in Figure 15* To these are added other computing 
elements interconnecting the basic assemblies. To illustrate: the term 
*l(®l " ®2) i* obtained by taking an input from the ©q end Og points of 
the computer and putting them into a fuming coefficient unit. The need for 
using an actual subtracting unit is avoided by defining 0 2 as negative in 
its basic block. This causes no difficulties in sign in the rest of the 
equations* This can be seen by rewriting equation equation (3) sa it 
would be solved in the computer: 

J383- « 3 <-e 3 ) ♦ »»,<9 2 - Oj) -^(83 - e £ ) (9) 

It vill b. r— Mihw.rt that tb. cc*putinf .Inwnts used Chan09 tb. sign 

* 

of e quantity, and hence one can see that -©3, for example, appears natur- 
ally in the computer. Whan it become necessary to reverse the sign of e 
whole term containing several quantities it Is only necessary to put it 
through an adder with unity gain. The extension of this method to the rest 
of the terms in the equations is obvious. 

The major difficulty is in correlating the signs of the terms in the 

physical equations and the way in which they appear la the computer. The 

problem is solved by having two adding unite before each integrating chain 

in the computer to that the proper sign will be present at the input to the 

first integrator. Zt may be noted that the Cj. element may be used to produce 

J 
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one sign reversal, tbs adder indicated producing tbe other 



DmiLS 0? COKSTRUCTIOb 

Tbe data sheets on the following two pages give such pertinent 
inf creation on the Philbrick JC2-V units • Zt will be noted that the input 
impedance is extrsswly high and the output impedance very low. These 
features permit s lapis calibration and circuit design since one need not 
take into account undeeired interaction sod loading of one circuit by 
another. Thus it is possible, for Instance, to take two outputs from a 
single amplifier using 100 thousand ohm potentiometers without exceeding 
tbe lead capacity of the amplifier . It will be found, however that in 
the computer ee designed for the ships propulsion vibration problem, only 
one such load is imposed at any point, the others being at a much higher 
-rroedoaco level. 

The fixed resistors and capacitors used in the construction of the 
computer are of one percent accuracy. Cleroetat type 10 potentiometers 
were used for coefficient setting. These potentiometers, as calibrated by 
tbs George A. Philbrick Researches, Zee., have a total resistance accuracy 
of one percent and a one percent rotational resistance accuracy. The 
coc^any has provided coefficient scales suitable far use with these poten- 
tiometers. 

The general method of construction can be observed in tbe appended 
photographs . Zt will be seen that' terminal board type construction is used 
for all signal wiring. Power Is supplied to the unit from a power panel on 
a separate chassis through plugs which mate with female connectors on each 
computer deck. 
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Direct CueRE^T ?lug-in Amplifier. 

PEStGNEO FOR. FEEDBACK. COMPUTES 
ll^ ELECTRONIC ANALOG SYSTEMS 



FAST 4 SLOW 



INPUTS: DIFFERENTIAL PAIR, POS. <S NE<3. 

IMPEDANCE. OVER lO MEGOHMS 
WITHIN) OPERATING RANGES. 



OUTPUT: 

GAIN): 

gESPONJSE : 

-POWER '• 



RANGE MINUS TO PLUS 50 VOLTS 
UNDER LOAOS TO 50 K OR l MA. 
IMPEDANCE 3 ooJL WITH IN) RANGE. 

PLUS AND MINUS 15,000, APPROX- 

FE03ACK FOR UNITY GAIN); 

BANOWtDTR WELL OVER lOO KC. 
RISE TIME APPROX. 2. fJLS EC. 

REGULATE VOLTAGES FOR MAX. STAB/LITT. 
6.3VACORVOC AT 0.6 AMPERES' 

+ AND— 300 VDC AT £■ MILL I AMPS. 



BASE i OCTAL PLUG , WITH KEY oN 
UiNE OF TUBE CENTERS. 



Suggested zeroing 

Methods-. 

sk *j2$\ 

— ^O 4 f 0T-° 

§*PT 



IN 

•- 



WEIGHT: 2.? oz. Len/gtm: 4.5" i Ns. overall. 
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To simplify circuit tracing mod future addition* to tbs computer all 

wiring has been color codsd as follows t 

Oraaa Confuting signals 

Rad Plus 309 volts 

Yellow Minus 300 volts 

Black Ground 

Black 6*3 volt filament supply 

(twisted pair) 

It will he noted the fllsaant wiring is of twisted pair construction 
and Is isolated from other wiring as ouch as possible in order to el xinate 
b» pickup by the signal wiring. 

At the rear of the chsesls can be seen the seroing circuits. These 
have been placed In this position since adjustments will be Infrequent once 
the computer has been warmed up and stabilised. The method used for seroing 
In this computer has been indicated on the center diagram of the first data 

sheet. 

The high voltage power supply's requirement* for the computer assuming 
2$ computing elements art rather rlgourous. First, it's output impedance 
should be on the order of one or two chase to prevent coupling between amp- 
lifiers through the power supply. Second, the plus and minus 300 volts 
should be regulated to at least one half of one percent to maintain good 
stability In the computer. They should each be capable of supplying approx- 
imately 130 milll amperes . a minimum of 15 amperes at 6*3 volts will be 
required for the filaments, a supply cspabls of supplying 20 or more amperes 
would be desirable. 

As for instrumentation, the desired voltages can be read using almost 
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a ay good quality vacuum tuba a-c voltastar. Eo'Mver, it oust be boras 
in aiod that the usual coosaercial iastrua taste have an accuracy of only 
two or three percent and oust be calibrated against a laboratory type 
InstrvsMnt if overall accuracy available In the computer la to be ob- 
tained. 
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calculaticb of cqgyicisaT awixa 



to obtala tftiwtM of system variables on vhich to basa eoeffleleot 



settings, the plant of (l) vm used with generous Margins. 

Jmx « 1,000 (103) in-lbs-sec ? 

Jtoin n 50 (103) in-lbs-sec 2 
£mx * 500 (10 6 ) in-ibs-rad 
Grain • 30 (10^) in-lbe-rad 
lotx • 25 (10^) in-lbs-eec/rad 

As a preliminary atop ths integrator tins eons tent vaa picked as 
T - O.Ofc and K* aa 10 5 

A traversal from a to b gives: 



1 

% 



Cjl x »* 
* J 



a a 



L* X KO 

io 5 j 



1 

K 




c x x KO* 

5 



i_ 

10 



Aa a trial pick an arbitrary range of J aa 0.2 to 20 vhlch aay be 
accurately sat. Tbs 0.2 setting applies at this point. Therefore ve gat 



a a 

K» • 1 rad/eec 2 
2 volt 



lbs path fro® b to c gives* 













4 • 

I 



• 01 



K o • *0 (KjT) - 0.5(0.04) • 0.02 red/** c 



volt 



Going from c to d yield* 

1 x x Kq - 1 

*5 Kjtf ? 

Kq « Kq x K«T * 0.02(0.04) - 0.0006 red 

volt 



to get C K , • traversal yield* 

lx x Cv x L 



I 



1 x 1 X C* x 105 - 500(10 6 ) 

oToa cu54 

C K - 4 for mbs 



■ 0.3 for ainS 



Tor Cgj 



1_ x Cj| x 

Kq 



Op - BKq 

*a 



All settings ere thus in the region of 1 end hence are sati* 1 



’artery. 
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